Myelination by oligodendrocytes in the central nervous system permits highfidelity saltatory conduction from neuronal cell bodies to axon terminals. Dysmyelinating and demyelinating disorders impair normal nervous system functions. Consequently, an understanding of oligodendrocyte differentiation that moves beyond the genetic code into the field of epigenetics is essential. Chromatin reprogramming is critical for steering stage-specific differentiation processes during oligodendrocyte development. Fine temporal control of chromatin remodeling through ATP-dependent chromatin remodelers and sequential histone modifiers shapes a chromatin regulatory landscape conducive to oligodendrocyte fate specification, lineage differentiation, and maintenance of cell identity. In this Review, we will focus on the biological functions of ATPdependent chromatin remodelers and histone deacetylases in myelinating oligodendrocyte development and implications for myelin regeneration in neurodegenerative diseases.
Myelination by oligodendrocytes in the central nervous system permits highfidelity saltatory conduction from neuronal cell bodies to axon terminals. Dysmyelinating and demyelinating disorders impair normal nervous system functions. Consequently, an understanding of oligodendrocyte differentiation that moves beyond the genetic code into the field of epigenetics is essential. Chromatin reprogramming is critical for steering stage-specific differentiation processes during oligodendrocyte development. Fine temporal control of chromatin remodeling through ATP-dependent chromatin remodelers and sequential histone modifiers shapes a chromatin regulatory landscape conducive to oligodendrocyte fate specification, lineage differentiation, and maintenance of cell identity. In this Review, we will focus on the biological functions of ATPdependent chromatin remodelers and histone deacetylases in myelinating oligodendrocyte development and implications for myelin regeneration in neurodegenerative diseases.
Keywords: chromatin remodelers; histone deacetylases; lineage progression; myelination; oligodendrocyte; schwann cell; temporal control Oligodendrocytes, the specialized glial cells of the central nervous system, produce the myelin sheath that wraps around axons, the long-distance processes of neurons, providing insulation and ensuring saltatory nerve conduction to allow rapid communication over long distances. Defects in myelination or maintenance of the myelin sheath as well as regeneration after pathological insults could eventually lead to neurodegenerative diseases such as various leukodystrophies and multiple sclerosis (MS), respectively. MS often follows a relapsing-remitting course during early stages which underscores the importance of accelerating remyelination during periods of limited lesion progression to maximize the duration of remission. The understanding of myelination and remyelination processes may have an impact on promoting regeneration and functional nerve recovery in these devastating demyelinating diseases [1] [2] [3] [4] .
Oligodendrocytes trace their origin to multipotent neural progenitor cells (NPCs) which arise during embryonic development. The linage specification and progression from NPCs unfold in distinct stages at different regions from primitive oligodendrocyte progenitor cells (pri- (Fig. 1 ). This step-wise differentiation process requires exquisitely precise coordination of a series of extracellular and intracellular cues including lineage-specific transcriptional regulators such as Olig1/2, Sox10, Yy1, Nkx2.2, Zeb2/Sip1, Zfp488, Smad7, and Myrf to regulate specification and differentiation programs, as well as epigenetic regulators that control gene expression by modifying the local state of chromatin [5] [6] [7] .
How chromosomal regions are modified to fine-tune gene expression has not been fully understood [8, 9] . The emerging picture is that distinct epigenetic codes, individually or in combination, are required for transcriptional programs during OPC specification, differentiation, and maturation in a stage-or region-specific manner. Epigenetic regulators, consisting primarily of enzymes which induce DNA modifications, histone modifications, and ATP-dependent chromatin remodeling, further fine-tune gene expression via activity at the chromatin level [8, 9] . Gene transcription is regulated by virtue of steric accessibility and dissociation of histones in the genome. When enzymes use energy from ATP hydrolysis to decrease histone-DNA contact, reposition nucleosomes, remove and replace histone subunit variants, or even disrupt and evict the nucleosome altogether, the process is termed ATP-dependent chromatin remodeling [9] [10] [11] . Thus, changes in chromatin structure serve to alter accessibility to certain genomic sequences, providing sites for further enzyme activity or transcriptional regulators to act upon and ultimately modulate gene expression.
At the histone level, histone-modifying enzymes may change chromatin structure or provide docking sites for recruitment of specific chromatin-remodeling enzymes or transcriptional regulators for gene expression. A variety of modifications can occur along specific amino acid residues on the N-terminal tails of the Step-wise oligodendrocyte lineage differentiation process. The linage specification and progression from NSCs unfolds in distinct stages at different regions from primitive oligodendrocyte progenitor cells (pri-OPCs) also called uncommitted protein subunits, including but not limited to acetylation, ADP-ribosylation, methylation, phosphorylation, ubiquitylation, and sumoylation, all of which can result in changes to gene expression [12] . The posttranslational histone modifications are correlated with distinct chromosomal states that regulate access to DNA. A combination of distinct histone modifications likely forms a "histone code" to specify patterns of gene expression [13, 14] . Histone acetylation has been studied extensively in the regulation of oligodendrocyte development. Histone acetyltransferases (HATs) [15] and histone deacetylases (HDACs) modulate histone acetylation states to tilt or maintain the balance between gene activation and repression, respectively. Histone acetylation status can be subsequently recognized by bromo-, PHD-, Tudor-, or WD40 domaincontaining activating regulators [16] [17] [18] , which then further modulate target gene expression.
Cognizant that recent studies have revealed that properly operating epigenetic regulatory mechanisms are vital for oligodendrocyte development and function, this Review will provide an overview of current research into the impact of chromatin remodeling and histone acetylation states on the control of oligodendrocyte lineage specification, differentiation, myelination, and myelin repair in a variety of neurodegenerative diseases and will end with a didactic comparison to the oligodendrocyte sibling, the Schwann cell, in the peripheral nervous system (PNS).
ATP-dependent remodelers in oligodendrocyte specification, lineage progression, and myelination
Classes of chromatin remodelers
The ATP-dependent chromatin remodelers utilize ATP as an energy source to reposition or evict nucleosomes, gating accessibility of chromatin to transcriptional regulators and thus acting as indirect effectors in gene expression [19, 20] . They regulate various biological processes including cell growth, differentiation, and regeneration [21] [22] [23] . While united in their use of ATP, these remodeler complexes can be classified into four families depending on the makeup of their catalytic ATPase subunit: the SWI/SNF family includes ATPase subunits Brahma (Brm, also known as Smarca2) and Brahma-related 1 (Brg1, also known as Smarca4); the INO80 family includes ATPase subunits INO80, SRCAP, and P400; the ISWI family includes ATPase subunits SNF2L and SNF2H; and the CHD family includes the ATPase subunits CHD1-9 [20, 24] .
The SWI/SNF remodeler Brg1 is essential for specification of OPCs and impacts OPC differentiation Brg1 (a.k.a. Samarca4), the helicase component of the mammalian SWI/SNF-related chromatin-remodeling complex, has been of significant recent interest in neural development [25] . It is expressed in NPCs, OPCs, and differentiating oligodendrocytes during development, in addition to neurons, although it is downregulated in mature myelinating oligodendrocytes in adult mice [26, 27] . Deletion of Brg1 in NPCs directed by nestin-Cre prevents oligodendrogenesis in the mouse embryonic cortex while leading to precocious neuronal differentiation of the ventricular zone progenitors [28] . Brg1 loss in these early NPCs results in reduced neurogenic Pax6 expression and ectopic Olig2 expression in the developing cerebral cortex. Olig2
+ and Brg1 À progenitors, however, fail to differentiate into oligodendrocytes in the developing brain [26] , suggesting that Brg1 is vital for oligodendroglial fate specification from murine NPCs.
On the other hand, in cultured rat OPCs, when transient triiodothyronine (T3, a thyroid hormone) treatment was performed to induce OPC differentiation, Brg1 transcription was substantively increased, as illustrated by the extensive occupation of the Brg1 gene locus by RNA polymerase II across the promoter regulatory regions and entire gene body. Brg1 is further recruited by the pioneer oligodendrocyte lineage transcription factor Olig2 in cultured OPCs to achieve target-binding specificity on oligodendrocyte lineage genes and to activate oligodendrocyte differentiationassociated programs [27] . OPCs isolated from Brg1-deficient murine neocortices failed to differentiate into mature MBP+ oligodendrocytes in vitro, suggesting that Brg1 is critical for OPC differentiation.
In mice, deletion of Brg1 starting at the pri-OPC stage (Olig1
low ) directed by an Olig1-Cre line results in a dysmyelinating phenotype with a defect in the formation of mature oligodendrocytes [27] . Despite the presence of normal levels of PDGFRa (an OPC marker) and overall numbers of OPCs in the developing CNS of Brg1 mutant animals [27] , this phenotype persisted, suggesting that Brg1 is not necessarily required for OPC survival but is required for the initiation of OPC differentiation in vivo. Similarly, deletion of Brg1 in committed or postmitotic OPCs by CNP-Cre or NG2-Cre, which act later than Olig1-Cre, results in a decreased number of myelinating, differentiated oligodendrocytes in the developing murine brain [29] . Brg1 further regulates expression of prodifferentiation factor Sox10 during or immediately after OPC specification in vitro and in vivo [27, 29] ; however, it becomes less critical for Sox10 expression in committed or postmitotic NG2 cells and oligodendrocyte maturation [29] . Thus, Brg1 has distinct roles in OPC specification from NPCs, at the onset of differentiation in pri-OPCs, and during oligodendrocyte maturation.
The discrepancy in Brg1 functions observed across studies regarding OPC differentiation might be due to the difference in OPC temporal states between in vitro and in vivo conditions, as cultured OPCs may represent early OPCs (Olig2   +   A2B5 + glial progenitors) under cell growth conditions with mitogens like PDGFAA and FGF. Alternatively, the distinct in vivo stages of OPCs (uncommitted pri-OPC, proliferative OPC, or postmitotic OPC) [30, 31] and/or differential recombination efficiency among Cre lines, such as NG2-Cre only recombining floxed alleles in a certain fraction of OPCs during murine CNS development, may account for disparate results on OPC differentiation. Further studies should be carried out by using region-and stage-specific Cre lines to better clarify the extent of the effect of Brg1 deletion during oligodendrocyte lineage development in the CNS. Nonetheless, deletion of Brg1 in PDGFRa + OPCs in vivo has led to OPC differentiation defects (unpublished observations), suggesting that Brg1 is required for differentiation of PDGFRa + OPCs, which appear prior to CNP+ immature oligodendrocytes, suggesting a stagedependent Brg1 function in oligodendrocyte lineage progression. While Brg1 is necessary for NSC transition into OPCs and for the progression of Olig1 + priOPCs or PDGFRa + OPCs into differentiating oligodendrocytes in vivo, the differentiation of CNP + -or NG2 + -committed OPCs into full-fledged, mature oligodendrocytes during lineage progression seems to only partly require Brg1 activity [29] . Thus, chromatin remodeling mediated by Brg1-containing BAF complexes is critical for early events in OPC development including OPC specification and the initiation of OPC differentiation, but not critically required during postmitotic OPC or during oligodendrocyte differentiation, indicating a decline in lineage plasticity and a decreased requirement for Brg1-mediated nuclear reorganization at the later stage of oligodendrocyte maturation.
Vertebrate SWI/SNF complexes contain at least 15 subunits including a catalytic subunit, Brg1 or its paralog Brm, which are mutually exclusive [23] despite interchangeability in some contexts. Brm deletion does not appear to cause obvious neural phenotypes [32] , whereas Brg1 is critical for neural development [25] . Although oligodendroglial lineage cells co-express Brg1 and Brm at all stages of development, Brm-deficient mice are viable and fertile, while Brg1-deficient mice are not. shRNA-mediated knockdown of Brm does not lead to a significant reduction of MBP expression in transfected oligodendroglial cells in vitro [29] . Furthermore, in Brg1-deficient mice, Brm is not upregulated in any compensatory role [29] . These observations suggest that Brg1 and Brm have nonoverlapping functions in oligodendrocyte development, while the in vivo role of Brm in CNS myelination remains to be further defined. Although other subunits of SWI/SNF complexes have a cell type-specific function during development [25, 33] , their functions remain to be determined during oligodendrocyte lineage progression and myelination.
OPCs can be reprogrammed to a more developmentally plastic state called a multipotent neural stem/progenitor cell-like (NSC-like) in vitro [34] . This reprogramming is mediated in part through the recruitment of the chromatin remodeler Brm to the Sox2 promoter, promoting Sox2 expression [35] . Reversing OPCs into a primitive multipotent NPC state is at odds with the established effects of Brg1 in OPC specification, suggesting an opposing role of Brm antagonistic toward Brg1.
The SWI/SNF chromatin-remodeling factors Brg1 and Brm have been shown to regulate through altering the state of DNA methylation in a context-dependent manner [36] [37] [38] . DNA methylation is critical for efficient OPC expansion and early onset of differentiation, but not OPC survival [39] , and is also important for efficient remyelination [40] . Whether and how SWI/ SNF chromatin remodeling links to DNA methylation to control oligodendrocyte lineage development and remyelination remain to be investigated in the future.
The SWI/SNF complexes have also been implicated in recruitment of histone methyltransferases [41] . Histone methyltransfereases (HMT) like Ezh2 in the PRC2 complex can cause chromatin compaction by trimethylation of histone K27, which leads to a repressive state [42] . Ezh2 has been shown to promote murine oligodendrocyte proliferation from NSCs in vitro [Sher et al., 2008] , while deletion of the murine Ezh2 in Olig1 + early progenitors led to dramatic reduction in mature oligodendrocytes and myelination in mice [43] .
CHD chromatin remodelers like CHD7 are critical to oligodendrocyte development and regeneration Brg1 and Olig2 work cooperatively in oligodendrocyte lineage progression regulation, targeting distinct subsets of genes [27, 44] , one of which is the geneencoding chromatin remodeler CHD7, an ATP-dependent nucleosome-remodeling factor in the chromodomain helicase DNA-binding (CHD) family. Brg1 and Olig2 target and activate Chd7 in the differentiating phase of oligodendrocyte development.
Mutations in CHD7 are the major cause of human CHARGE syndrome, an autosomal dominant disorder characterized by a nonrandom association of multiple birth defects including impaired white matter development and myelination [45, 46] . Unexpectedly, CHD7 expression is highly enriched in oligodendrocyte lineage cells in the CNS, with a peak of expression in differentiating oligodendrocytes. Inactivation of CHD7 in mice causes a delay in oligodendrocyte differentiation and myelination since CHD7 cooperates with Sox10 to activate myelin-associated gene expression; however, CHD7 inactivation does not seem to affect OPC formation in vivo [44] , despite a defect in OPC proliferation [47] .
Furthermore, CHD7 is analogously critical for remyelination after demyelinating injury [44] , consistent with the notion that oligodendrocyte lineage development is recapitulated in regeneration. Notably, CHD7 can cooperate with Sox2 to activate OPC proliferation after spinal cord injury in mice [47] . Despite being unnecessary for OPC formation, CHD7 ablation leads to impaired OPC differentiation during remyelination after lysolecithin-induced demyelination [44] as well as reduced OPC recruitment and differentiation after spinal cord injury by laminectomy [47] . In addition, CHD7 appears to collaborate with Sox10 and Sox2 to regulate OPC differentiation and activation, respectively, [44, 47] and is therefore an important determinant of effective myelin repair. CHD7 function in OPC recruitment and proliferation after injury appears to exhibit differing extents in the lysolecithininduced demyelination model and the spinal cord transection injury model, which remains to be further defined. The difference in Chd7 floxed alleles may also account for the discrepancy. CHD7 targets the enhancers of Myrf and Olig1 and promotes their expression to induce oligodendrocyte maturation [44] . Besides its role in OPC differentiation, CHD7 appears to regulate OPC proliferation through activating expression of PKCΘ and Rgcc (regulator of cell cycle) [47] . In addition, CHD7 can target and regulate other oligodendrocyte maturation-associated factors such as Osterix/Sp7 and Creb3 l2, which are also critical for bone formation [44] . Thus, CHD7 can act as a regulatory nexus that control the development of diverse lineages including oligodendrocyte lineage cells and osteoblasts.
It is worth noting that the chromatin remodelers CHD7 and Brg1 appear to target a distinct set of genes pertaining to oligodendrocyte lineage differentiation [44] , suggesting that each chromatin remodeler has distinct targets at different stages during oligodendrocyte lineage progression (Fig. 1) .
CHD7 belongs to the group III CHD family of ATPdependent chromatin-remodeling enzymes, comprising CHD6, CHD7, CHD8, and CHD9 [48] . CHD7 has been shown to interact with its close homolog CHD8 [49] . Mutations in CHD8 manifest in and define a specific subtype of autism spectrum disorders (ASDs) [50] [51] [52] [53] and cause developmental white matter abnormalities in the brain [54] [55] [56] [57] . CHD8 is also highly expressed in OPC and oligodendrocyte lineage cells during development (unpublished observations). One would suggest that, based on the homologies, the group III CHD family enzymes have limited functional redundancy, which potentially compensates for defective CHD7 mutants in terms of myelination. At present, the roles of other ATP-dependent chromatin remodelers in oligodendrocyte lineage development remain to be determined. The distinct chromatin remodelers may act independently or cooperate to regulate chromatin accessibility of lineage-specific genes in a temporally distinct manner, possibly as a sequential cascade, to control oligodendrocyte lineage progression (Fig. 2) .
At present, how expression of multiple chromatinremodeling genes is regulated during oligodendrocyte development or myelin regeneration is unknown, making the field an exciting new frontier. Each chromatin remodeler may act independently or cooperatively to regulate chromatin accessibility of lineage-specific genes in a temporally distinct manner (as seen with Brg1) to control oligodendrocyte lineage progression. To date, little is known regarding regulation of multiple chromatin-remodeling genes during oligodendrocyte development or myelin regeneration. Moreover, current research is limited on how the various chromatin-remodeling enzymes coordinate with either each other or, for that matter, with other chromatin modifying machinery to regulate the transcriptional output for oligodendrocyte differentiation. This field offers exciting opportunities for multienzyme knockout studies and enzyme structure modeling.
The function of histone deacetylase protein family protein in oligodendrocyte lineage development Histone deacetylases (HDACs), as a class of enzymes, remove acetyl groups from an e-N-acetyl lysine amino acid on a histone, promoting compact chromatin conformation. In mammals, there are four classes of HDACs, assigned based on their similarity to their yeast homologs: class I contains HDAC1, -2, -3, and -8; class II contains HDAC4, -5, -6, -7, -9, and -10; SIRTs 1-7 (also known as sirtuins) are NAD-dependent and belong to class III HDAC; and HDAC11 represents the sole member of class IV [58, 59] . Individual HDACs exhibit a dynamic expression pattern during oligodendrocyte lineage progression (Fig. 3A) .
Effects of pharmacological pan-HDAC inhibitors on OPC differentiation
A series of studies have utilized different pharmacological HDAC inhibitors (HDACi) to elucidate the potential role of HDACs in OPC differentiation [60] [61] [62] . Treatment with the pan-HDACi valproic acid (VPA) inhibits differentiation of rat NPC cells (or HCN cells) into OPCs, while enhancing NPC differentiation toward a neuronal fate, suggesting that HDAC activity modulates OPC and neuronal determination in NPCs [61] . Inhibition of HDACs appears to activate expression of NeuroD, a neurogenic transcription factor, to promote neurogenesis while inhibiting oligodendrogenesis [61] . Similarly, blocking HDAC activity with another pan-HDACi trichostatin A (TSA) prevents the progression of OPCs into mature Fig. 2 . Sequential Chromatin remodeling cascade drives oligodendrocyte lineage progression. Chromatin remodelers depend on ATP to change the chromatin structure to allow oligodendrocyte lineage pioneer transcription factors such as Olig2 to activate lineage specification gene expression. The Brg1-containing SWI/SNF complex can be recruited by Olig2 to activate Sox10 expression, and cooperates with Olig2 to promote OPC specification from NSCs and OPC differentiation from pri-OPC progenitors. CHD7, a member of another family of ATPdependent chromatin remodelers, interacts with Sox10 to regulate the timing of oligodendrocyte differentiation. Thus, successive chromatin-remodeling cascades are required to drive proper oligodendrocyte lineage progression.
oligodendrocytes [62] and reverses the lineagerestricted OPCs in vitro to multipotent NPC-like cells, thereby inducing developmental plasticity [60] . TSA decreases differentiation of OPCs by disinhibiting expression of differentiation inhibitors Id2, Egr1, and Sox11 in rats and ID4 and SOX2 in human cells [63, 64] . These studies suggest a requirement of HDAC activity for OPC differentiation.
Such studies illustrate the necessity of HDAC activity through multiple stages of oligodendrocyte lineage progression, yet while VPA inhibits OPC differentiation when used early in oligodendrocyte development, the effect of VPA on inhibition of oligodendrocyte differentiation is transient, only taking place during the first postnatal week. The HDACi does not have a substantial effect on oligodendrocyte maturation when utilized after the onset of myelination in vivo [65] , suggesting a critical timing window for HDAC-mediated chromatin modification to impact OPC differentiation and myelination. Utilization of HDAC class-specific inhibitors in future studies will continue to provide additional insight into the specific roles of these differentiation inhibitors.
Regulation of OPC differentiation by genetic ablation of HDACs
Studies using a variety of genetic models indicate that HDAC1 and HDAC2 exert both overlapping and nonredundant functions in different cell types at specific developmental stages [66, 67] . HDAC functions are critical for oligodendrocyte differentiation in the developing vertebrate brain. HDAC1 is vital for OPC specification in zebrafish through promoting Olig2 expression [68] . In mice, ablation of both HDAC1 and HDAC2, but not of either individual gene alone, in oligodendrocyte lineage cells blocks OPC proliferation and differentiation in the CNS, suggesting functional redundancy between HDAC1/2 in mammalian OPC development [66] . A key difference in these two studies is the use of zebrafish and mammalian models, which may indicate functional redundancy of HDAC1/2 that is phylogenetically distinct. Exemplifying the unique function of certain HDACs, HDAC3 deletion in early Olig1-expressing pri-OPCs leads to increased numbers of astrocytes with a proportional decrease in oligodendrocyte lineage cells [69] , a phenomenon that does not occur in HDAC1/2-deficient OPCs in vivo. These results suggest that HDAC3 functions as a molecular switch for oligodendrocyte and astrocyte lineage fate determination in the developing brain.
In NPC culture, siRNA knockdown of HDAC2 alone in conjunction with T3 treatment in NPCs increases expression of oligodendrocyte genes through disinhibition of Sox8 and Sox10 expression [70] . Similarly, knockdown of HDAC3 initiates a neuronal differentiation pathway in cultured NSCs [70] , as opposed to the astrocytic pathway in HDAC3-ablated pri-OPCs in vivo. How can these differing roles for HDAC2 and 3 be reconciled? The explanation may lie in a stage-and context-dependent functional model for individual HDACs. At present, the function of the class I HDACs in oligodendrocyte remyelination after demyelinating injury remains elusive.
Regulation of nonhistone substrates by HDACs in oligodendrocyte development
While HDACs are primarily associated with histone modifications, HDACs have been shown to exhibit nonhistone-dependent functions in oligodendrocyte development. Both class I and II HDACs (specifically, HDAC1, HDAC3, HDAC10) can deacetylate the Olig1 transcription factor, increasing its likelihood of nuclear translocation and ultimate promotion of OPC differentiation [71] . This process can be inversely regulated by the CREB-binding protein (CBP), a p300-related acetyltransferase, which enhances Olig1 acetylation and interaction with ID2 to facilitate its retention in the cytoplasm of mature oligodendrocytes in vitro [71] .
HDAC3 deacetylase activity can inhibit STAT3 acetylation to antagonize JAK-STAT3-mediated astrogliogenesis in vivo [69] , which may play a role in the previously discussed capacity of HDAC3 to specify whether an NSC would progress to an astrocyte or oligodendrocyte [69, 70] .
Genome-wide mapping study reveals that HDACs bind to chromatin at the loci of active, but not silent, genes, where they reset chromatin by removing acetylation [72] . Specifically, HDAC1 and HDAC3 are mainly associated with promoters of active genes, whereas HDAC2 can be localized to both promoter and gene body-coding regions [72] . Further research would need to determine whether this action of individual HDACs links to specific gene expression or programs for oligodendrocyte development and myelinogenesis.
HDACs function as transcriptional coregulators independent of deacetylase activity
Two class I HDACs, HDAC1 and HDAC2, can associate with corepressors to assemble the following repressive complexes: SIN3, nucleosome remodeling and deacetylating (NuRD), and Co-REST (Fig. 3B ) [73, 74] . HDAC1/2 are also often recruited and interact with transcription factors to target specific genes. The transcription factor YY1 recruits HDAC1 to the promoter regions of inhibitory genes such as Id4 to repress their expression during oligodendrocyte differentiation in vitro [75] . In addition, the HDAC1/2-mediated repressor complex can regulate WNT and p53 pathways [76] and compete with b-catenin to interact with TCF7L2 (TCF4), a member of the TCF transcription factor family [66] . Interaction between bcatenin with TCF7L2 can inhibit oligodendrocyte differentiation by activating downstream inhibitory effectors. However, an HDAC1/2 corepressor complex competing for TCF7L2 binding with b-catenin would block b-catenin signaling and permit oligodendrocyte differentiation to continue unimpeded [66] .
Unlike HDAC1/2, HDAC3 is mainly associated with NCoR and SMRT corepressor complexes (Fig. 3B) , which stimulate HDAC3 enzymatic activity [77] . NCoR inhibits astroglial differentiation [78] , and the loss of NCoR leads to the activation of astrocytic pathways in NPCs [78] . Thus, the HDAC3/NCoR complex not only suppresses astrogliogenic programs but also inhibits STAT3 activation through deacetylation of STAT3, an effector of astrogliogenesis, to antagonize astrogliogenesis mediated by JAK-STAT signaling [69] .
HDAC3, on the other hand, cooperates with acetyltransferase p300 (also known as EP300) to promote expression of pro-oligodendrocyte genes such as Olig2 and thereby establishes OPC identity [69] . While the coordination of HDAC3 and p300 may seem paradoxical or even a recipe for a futile cycle as the former is a deacetylase and the latter an acetyltransferase, HDACs paired with EP300 were shown to positively regulate gene transcription possibly due to activation of increased net HAT activity, which has been shown to promote transcriptional events leading to OPC specification [69] . HDAC3 has long be known to function not only as a transcriptional corepressor through interaction with NCoR/SMRT [79] but also as a transcriptional co-activator such as in activating retinoic acid response elements [80, 81] , so its role in disparate processes is not unprecedented.
Although HDAC3 is tightly associated with NCoR1 and SMRT, it may not be entirely dependent upon the overall complex for all of its function. In mice, deletion of DAD domains in both NCoR1 and SMRT results in nonfunctional histone deacetylase activity in the overall complex [82] , but doing so does not derail oligodendrocyte development or result in a dysmyelinating phenotype [69] , indicating that HDAC3 functionality remains unaffected even in the absence of NCoR1/SMRT-mediated histone deacetylation during oligodendrocyte development. This suggests that HDAC3 function in oligodendrogenesis is likely independent of NCoR1/SMRT-mediated histone deacetylation activity and that HDAC3 transcriptional activity per se, HDAC3/NCoR-mediated transcriptional corepressor complexes, or modification of nonhistone regulators may control oligodendrocyte-astrocyte fate switching, which remains to be further defined.
Another layer of regulation of HDAC3 activity is modulation of its phosphorylation state. Protein kinase CK2 phosphorylates HDAC3, activating its deacetylase activity, while protein phosphatase 4 removes the phosphate group and deactivates HDAC3 [74] . In an interesting coincidence of homologous substrate sites, CK2 also phosphorylates and activates Olig2 in vitro [83] . Interaction between HDAC3 and p300 also activates Olig2 and initiates OPC specification programs. From three seemingly disparate proteins, a potential regulatory circuitry emerges that connects the CK2, HDAC3 and Olig2 pathways. Future studies regarding the specific amino acid residues involved and conservation between rodent and human oligodendrocyte development would serve to better tease out this connection.
Functions of other classes of HDACs in oligodendrocyte maturation
Class II HDACs show minimal deacetylation capacity alone, but when recruited with class I HDACs or a multiprotein corepressor complex containing HDAC3 and SMRT/NCoR, they possess deacetylation capabilities [84] . As yet, their functions in oligodendrocyte development and myelination have not been fully explored, a gap that future research may be able to fill. In rat oligodendrocytes, HDAC6 has been observed to downregulate the acetylation of the microtubule-associated protein tau as well as a-tubulin. Furthermore, HDAC6 can modulate tau phosphorylation and degradation in oligodendrocytes [85] . Tau is necessary for cellular process outgrowth and the transport of MBP mRNA to the cell periphery, suggesting that HDAC6 may have a role in tau and protein aggregate formation during oligodendrocyte maturation [86] .
Class III HDACs including Sirtuin 1-7 (SIRT1-7), catalyze the deacetylation of protein targets such as K16 of histone 4 (H4K16) by hydrolyzing NAD, thereby generating a deacetylated protein and nicotinamide molecule [87, 88] . SIRT1 and SIRT2 have redundant functions in specification of NPCs to adopt the oligodendrocyte fate through regulation of NAD+ levels and activity of nicotinamide phosphoribosyltransferase (Nampt), the rate-limiting enzyme in mammalian NAD+ biosynthesis [89] . SIRT1 has been demonstrated to be a regulator of OPC proliferation and regeneration in white matter after neonatal brain injury [90] .
Over the course of oligodendrocyte lineage progression, SIRT2 levels increase [91] . Besides acting on histones, SIRT2 also deacetylates a-tubulin by interacting with HDAC6 in the myelin proteome [92, 93] . SIRT2-mediated deacetylation of a-tubulin leads to curtailment of oligodendrocyte arborization in culture [91, 94] . Intriguingly, SIRT2 can also promote differentiation in CG4 oligodendroglial cells [95] . SIRT2 mRNA is stabilized by the RNA-binding protein Quaking, which causes persistent SIRT2 levels and the promotion of oligodendrocyte lineage progression [96] . It is likely that this seemingly contradictory role of SIRT2 as a factor at once promoting and inhibiting differentiation may be resolved by future study into stage-and temporally specific function. The precise function of SIRT2 in the regulation of oligodendrocyte differentiation and morphogenesis in vivo remains to be defined.
The class IV HDAC, HDAC11, regulates H3K9 and H3K14 acetylation states near the regulatory elements of the Mbp and Plp genes, enhancing maturation of an oligodendrocyte cell line (OL-1) in vitro [97, 98] , suggesting a role of HDAC11 in regulating myelin gene expression.
HDAC inhibitors in neural protection and regeneration after pathological insults
Although HDAC activity is essential for oligodendrocyte differentiation and normal nerve function in the developing CNS, transient HDAC inhibition has been shown to have a neuroprotective function after brain injury. After a permanent middle cerebral artery occlusion (MCAO), a rat stroke model, the number of NG2 + OPCs expressing nuclear HDAC1 and HDAC2 increases substantially [99] . When HDACi-like sodium butyrate and TSA were administered immediately following an MCAO, some protection against losing oligodendrocytes seemed to be conferred [100] . Interestingly, even delayed treatment with the HDAC inhibitor VPA after MCAO increased oligodendrocyte differentiation and survival [101] . HDACi-mediated protection has been suggested to act through promoting OPC proliferation and differentiation, upregulating VEGF, suppressing inflammation, and decreasing caspase-3-mediated apoptosis [100, 101] . In support of the inflammation suppression hypothesis, treatment with scriptaid, a class I and II HDACi, after a traumatic brain injury in mice promoted conversion of microglia/macrophages to the beneficial M2 phenotype, thereby decreasing inflammatory cytokine secretion [102] .
The class III HDAC SIRT1 and its modulation by NAD + levels have also been shown to offer some neuroprotection in the event of ischemic stroke in animal models [103] [104] [105] [106] [107] . Inhibition of SIRT1 promotes OPC differentiation after neonatal hypoxia by increasing the cell cycle exit of proliferative OPCs [90] . Intriguingly, inactivation of SIRT1 in NPCs results in OPC proliferation through activating p38 MAPK and AKT pathways, and in turn improves remyelination in animal models of demyelinating injury including lysolecithin-induced demyelination and chronic experimental autoimmune encephalomyelitis (EAE) [108] . The seemingly opposite effects of SIRT1 inactivation illustrate a context-dependent complexity of epigenetic regulation of OPC proliferation and differentiation in different injury models.
In the frontal lobe of MS patients, a steady decline in histone deacetylation is observed following an early period of functional HDACs [109] , yet in EAE, a common animal model of MS, TSA treatment has been documented to improve EAE clinical symptoms, likely through regulating immune cell properties [110] . Combined treatment with HDACi and T3 has potential in improving remyelination and targeting inflammation. Finally, treatment with resveratrol (SRT501), which activates SIRT1, can prevent neuronal damage and long-term neurologic dysfunction in EAE [111, 112] , suggesting a neuroprotective effect of SIRT1 through both immunomodulatory and neuroprotective mechanisms.
Because most HDACi exhibit broad-spectrum effects targeting many HDACs, outcomes can be mixed and in some cases entirely counterproductive. Suberoylanilide hydroxamic acid (SAHA), an FDA-approved HDACi, has been shown to decrease mouse cortical OPC survival and, accordingly, may decrease CNS myelination rates [113] . Development of specific HDACi with isoform selectivity should minimize side effects and enhance treatment efficacy.
Chromatin modifications with convergent or divergent functions in CNS and PNS myelination
Given that diseases like MS do not solely target the myelinating cells of the CNS but extend to the PNS as well, the roles of HDACs have also been studied in Schwann cell development and peripheral myelination. Inhibition of HDACs by TSA promotes Schwann cell proliferation, while inhibiting their maturation, a phenomenon also seen in oligodendrocytes [62, 114] , where oligodendrocyte chromatin generally becomes more dense and likely deacetylated as cells differentiate. Similarly, deletion of both HDAC1 and 2, but not either gene in isolation, causes Schwann cell apoptosis and hypomyelinating phenotype, suggesting overlapping functions in HDAC1 and 2 with regard to Schwann cell development and myelination [115, 116] . Intriguingly, although blocking Schwann cell remyelination, short-term HDAC1/2 inhibition can improve recovery after nerve injury. This is likely due to a capacity Schwann cells do not share with oligodendrocytes, namely conversion into repair cells, which increases the rate axon regrowth at the expense of remyelination [117] .
In contrast to HDAC1/2, HDAC3 appears to exert unique functions distinct from other class I HDACs. Inhibition of HDAC3 seems to promote Schwann cell maturation and enhance myelin sheath growth [4] , suggesting, as in oligodendrocytes, specific functions unique to individual HDAC family members in Schwann cell myelinogenesis. Differing from its early role in oligodendrocyte specification during development [69] , HDAC3 appears to have a later function as an inhibitor of Schwann cell maturation and myelinogenesis [4] . Thus, HDAC3 may have a distinct role in myelinating cell development in the central and peripheral nervous systems, although the potential functions of HDAC3 in myelin growth and repair in the CNS remain to be fully determined. If these temporallyspecific divergent functions among class I HDACs are supported in future research, it indicates the caution required in therapeutic administration of broad-spectrum HDACi and the even greater need for highly specific therapies for myelinating cell dysfunction.
The ATP-dependent chromatin remodelers have also been shown to regulate Schwann cell development and PNS myelination. In a subtle contrast to its early role in OPC specification and differentiation [27, 29] , Brg1 is also required for immature Schwann cells to differentiate and for myelin formation in vivo [118, 119] . As it does for OPCs in the CNS, Brg1 activates Sox10, although in Schwann cells this occurs at the onset of myelination and in cooperation with the transcription factor NF-jB [118] . Brg1 then also interacts with Sox10 to activate Schwann cell maturation and myelination via the activation of myelin gene expression [119, 120] .
Although oligodendrocytes and Schwann cells arise from separate progenitors in the neural tube and neural crest, respectively, and utilize anatomically distinct strategies to enwrap target axons (multiple axons for oligodendrocytes and single axons for Schwann cells), chromatin remodelers serve as critical regulators of the myelination program in both cell types. However, the effects of chromatin remodeling may be accomplished through distinct mechanisms, suggesting common and divergent features of chromatin remodeling behind regulation of central and peripheral myelination.
Conclusion and perspectives
Nuclear reorganization through chromatin remodeling and histone modifications has vital roles in oligodendrocyte development, myelination, and regeneration after injury or pathological insults. A growing understanding of the critical role of chromatin modifications facilitates dissecting the intricate molecular network underpinning myelinogenesis and provides strategies to enhance neuroprotection and myelin repair.
Given that many of the chromatin modifiers discussed in this Review are druggable enzymes, further research will create new opportunities to modulate chromatin-remodeling activity in combination with other cellular signaling pathways to promote myelin repair after injury. Fully understanding the chromatin modification mechanisms mediated by individual epigenetic enzymes will facilitate the identification of drug targets for myelin repair. Given that HDACi are generally well-tolerated and have been clinically approved for treating certain cancers [121, 122] , their neuroprotective and regenerative actions indicate that they may be considered as therapeutic agents to treat brain injury. Due to the intricate, distinct, and nuanced functions of individual HDAC family members, their effects should be taken into account in light of the stage-and context-specific expression of individual HDACs. Specifically, given that HDAC ablation reveals highly specific functions of individual HDACs, such complexity calls for careful interpretation of study outcomes that employ pan-HDACi. It is also worth underlining the potential impact of HDACi on psychological functions such as cognition, learning, memory, and mood in young, healthy animals [123] .
Additionally, a better understanding of the molecular framework underlying chromatin remodelers Brg1 and CHD7 in oligodendrocyte lineage development may help to identify signaling pathways and molecules as therapeutic targets for promoting myelin recovery in patients with BRG1-associated diseases, CHARGE syndrome, or CHD8-associated autisms. These chromatin remodelers also play a critical role in oligodendrocyte lineage development, and will likely have some part to play in the future treatment of MS. Indeed, identification and development of selective small-molecule compounds that modulate chromatin-modifying enzyme activity such that the myelinogenic program is activated will be essential for treating the patients afflicted by nerve injury or demyelinating diseases, such as MS.
